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Detecting Disease-Predisposing Variants: The Haplotype Method
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Summary Introduction

For many HLA-associated diseases, multiple alleles-
and, in some cases, multiple loci-have been suggested
as the causative agents. The haplotype method for iden-
tifying disease-predisposing amino acids in a genetic re-
gion is a stratification analysis. We show that, for each
haplotype combination containing all the amino acid
sites involved in the disease process, the relative frequen-
cies of amino acid variants at sites not involved in disease
but in linkage disequilibrium with the disease-predispos-
ing sites are expected to be the same in patients and
controls. The haplotype method is robust to mode of
inheritance and penetrance of the disease and can be
used to determine unequivocally whether all amino acid
sites involved in the disease have not been identified.
Using a resampling technique, we developed a statistical
test that takes account of the nonindependence of the
sites sampled. Further, when multiple sites in the genetic
region are involved in disease, the test statistic gives a
closer fit to the null expectation when some-compared
with none-of the true predisposing factors are included
in the haplotype analysis. Although the haplotype
method cannot distinguish between very highly corre-
lated sites in one population, ethnic comparisons may
help identify the true predisposing factors. The haplo-
type method was applied to insulin-dependent diabetes
mellitus (IDDM) HLA class II DQA1-DQB1 data from
Caucasian, African, and Japanese populations. Our re-
sults indicate that the combination DQA1#52 (Arg pre-
disposing) DQB1#57 (Asp protective), which has been
proposed as an important IDDM agent, does not include
all the predisposing elements. With rheumatoid arthritis
HLA class II DRB1 data, the results were consistent
with the shared-epitope hypothesis.
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The HLA-associated diseases are, in general, genetically
complex (e.g., see Thomson 1988, 1995a). They can
exhibit incomplete penetrance, the involvement of multi-
ple HLA loci, genetic heterogeneity within the HLA re-
gion, synergistic effects, and the involvement of non-
HLA loci. Difficulty in the identification of specific dis-
ease-predisposing and protective alleles at loci within
the HLA region results from the fact that multiple ge-
netic factors may be involved, including genetic variants
that are common in the general population (e.g., see
Tait and Harrison 1991; Thomson 1991). Also, amino
acids-or a particular sequence of amino acids-in-
volved in the disease process are difficult to identify in
the context of the high linkage disequilibrium common
within the HLA region, in particular the very strong
disequilibrium of the HLA class II DR and DQ genes
(Begovich et al. 1992; Imanishi et al. 1992).
Every HLA allele is defined by a unique DNA se-

quence in the exons. In the case of the HLA class II
loci, most of the variation is confined to hypervariable
regions in the second exon, which affects the antigen-
binding pocket. The amino acids at variable sites in an
allele typically occur in other alleles as well, which gives
rise to the characteristic patchwork of variation seen
when the amino acid composition of HLA alleles is com-
pared (Lawlor et al. 1990). Such patterns of amino acid
site variability raise the possibility that HLA-variation
association with a disease may not be due to a given
allele but, rather, to one or more variable amino acid
sites (shared epitopes) occurring on several alleles.
Shared epitopes are suggested to be responsible for the
HLA class II DRB1 associations with rheumatoid arthri-
tis (RA) (Gregersen et al. 1987). The hierarchy of rela-
tively predisposing through protective effects of HLA
alleles for insulin-dependent diabetes mellitus (IDDM)
suggests that analysis at the amino acid-rather than at
the allelic-level may be particularly informative (e.g.,
see Cucca et al. 1993, 1995; Yasunaga et al. 1996).
The original application of the haplotype method was

to allele-frequency data (Thomson et al. 1988). Direct
roles of HLA DR3 and DR4 in IDDM were excluded,
since HLA B locus variation on these haplotypes was
different in patients and controls. In this paper we pre-
sent the theoretical basis of the haplotype method for
testing whether all disease-predisposing variants have
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been identified. The models are described with regard
to amino acid variation, but the results apply equally to
allelic variation. We consider separately the observed
haplotypic amino acid combinations at putative predis-
posing sites. For each haplotype combination containing
all the amino acid sites involved in disease process-for
example, amino acids a1 and b1 at sites A and B-the
relative frequencies of amino acid variants at sites not
involved in disease-for example, r1 and r2 at site R-
are expected to be the same in patients and controls.
That is, although the absolute frequencies of the haplo-
types a1bir, and a1blr2 will differ between patients and
controls, the relative frequency of the ratio albirl/albir2
will be the same in patients and controls. Inequality of
this ratio is expected if all sites involved in the disease
process-and in linkage disequilibrium with the sites
under consideration-have not been identified. Using
a resampling technique, we develop for the haplotype
method a statistical test that takes account of the nonin-
dependence of the amino acid sites sampled, to deter-
mine whether all amino acids involved in the disease
process have been identified. We then study the effect
of including some-but not all-of the amino acid sites
involved in the disease in the haplotype analysis, to de-
termine whether the large number of combinations of
putative disease-predisposing amino acid sites can be
reduced without loss of information. We apply the hap-
lotype method to HLA-DQA1/-DQB1 variation in
IDDM in three populations and to HLA-DRB1 variation
in RA in a Norwegian population.

The Haplotype Method

The realization that models of disease are in fact
equivalent to selection models and, hence, to hitchhiking
models (Thomson 1977) simplifies the theoretical devel-
opment of the haplotype method. An important advan-
tage of "disease" models over the usual study of selec-
tion operating at the population level is that, in the study
of disease processes, we observe the genetic composition
of a population both before and after the selective pro-
cess (disease) has operated. The general population
(called "controls" throughout this paper) represents the
before-selection genetic variability, the patient popula-
tion that after selection. Further, continuing the analogy
with selection models, we note that disease models inves-
tigate the genetic changes that take place in one genera-
tion of selection without recombination. In this context,
we can ignore how haplotype frequencies evolve in pa-
tients and controls over time.
Amino acid site(s) involved in disease predisposition

or protection are treated as the selected "locus"
("loci")-and nonpredisposing sites are treated as neu-
tral "loci"-and are considered in the context of classic
selection hitchhiking models. The effect that the predis-

posing site(s) have on nonpredisposing sites is examined.
For an extensive treatment of the hitchhiking effect-
that is, the effect of a selected locus on allele frequencies
at linked neutral loci-the reader is referred to the work
of Thomson (1977). It should be noted that the haplo-
type method described here assumes random mating in
the general population and that patients and controls
share the same ethnic background. The results obtained
here may not hold for populations that deviate substan-
tially from random mating or for data sets in which
patients and controls are not ethnically matched.
To identify predisposing variants, we ask whether

there is a pattern expected consistently for predisposing
sites but not for nonpredisposing ones, or vice versa.
We consider separately the observed haplotypic amino
acid combinations at putative predisposing sites. For
each of these haplotypes, we compare the ratios of poly-
morphic putative nonpredisposing sites in patients ver-
sus those in controls. Intuitively, if all predisposing sites
are included in these haplotypes, then the variants at the
neutral sites should be in the same ratio on a particular
disease-predisposing haplotype, in patients and in con-
trols. The frequency of these haplotypes will differ be-
tween patients and controls, but the relative frequency
of neutral sites on a particular haplotypic combination
of all predisposing sites will be the same in patients
and controls. Conversely, if not all predisposing sites in
linkage disequilibrium have been identified and consid-
ered in the haplotypes, then equality in the ratios, in
patients and controls, of polymorphism at putative non-
predisposing sites on these haplotypes is not expected.
We develop the analytical work to prove this, and we
develop a statistical test to determine when the hypothe-
sis that all predisposing sites have been identified can be
accepted or rejected.

One-Predisposing-Site Model
Consider a three-site model with two amino acid resi-

dues at each site. At the first site, assumed to be predis-
posing, the amino acid residues are A and a; A is predis-
posing relative to a. Both residues at each of sites 2 (B
and b) and 3 (C and c) are equivalent with regard to
disease and are nonpredisposing. The following notation
is used for residue frequencies:

PA = frequency of A, qA = 1 -PA = frequency of a;

PB = frequency of B, qB = 1 - PB = frequency of b;

Pc = frequency of C, qc = 1 - Pc = frequency of c .

The frequencies of all eight haplotypes in the control
population, denoted x1, x2, ..., x8, can be written in
terms of the three allele frequencies, three pairwise link-
age disequilibrium terms, and one third-order disequilib-
rium term (e.g., see Robinson et al. 1991):
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xl = f(ABC) = PAPBPC + PADBC + PBDAC
+ PCDAB + DABC;

x2 = f(ABc) = PAPBqC - PADBC - PBDAC

+ qCDAB - DABC;

X3 = f(AbC) = PAqBPC - PADBC + qBDAC
PCDAB - DABC;

X4 = f(Abc) = PAqBqC + PADBC - qBDAC

- qCDAB + DABC;

Xs = f(aBC) = qAPBPC + qADBC - PBDAC
- PCDAB - DABC;

X6 = f(aBc) = qAPBqC - qADBC + PBDAC
- qCDAB + DABC;

X7 = f(abC) = qAqBPC - qADBC - qBDAC

+ PCDAB + DABC;

Xs = f(abc) = qAqBqc + qADBC + qBDAC
+ qCDAB - DABC .

(la) xi(g2pA + i = {1, 2, 3, 4};
T

xY(g=
+ i = {51, 6, 7, 8}
T(lb)

In this one-site-predisposing model, it is easy to see from
(ic) equation (3a) that equality holds for the ratios in pa-

tients and controls of nonpredisposing-site variation
(e.g., B and b) on haplotypes containing a variant at the
predisposing site (A in this case):

(ld)

(le)

(if)

(lg)

(1h)

The relative penetrance values for the three genotypes
at the disease predisposing locus are denoted as follows:

Relative penetrance for AA = g2= s + w;

Relative penetrance for Aa = g, = s + hw; (2a)

Relative penetrance for aa = go = s .

The second formulation is used later in the description
of the disease models, with the restrictions 0 - s - 1,
0 - h - 1, 0 - w - 1, where s is the frequency of
sporadics, h is a mode of inheritance parameter, and w
is the penetrance. The prevalence of the disease is de-
noted by T, with

T = g2P2 + 2g1PAqA + gOqA (2b)

The expected haplotype deterministic frequencies
among patients, denoted by Y1,Y2, ... ,Ys, are derived as

the haplotype frequencies in a population after selection
without recombination, by use of the penetrance terms
in equation (2a) as the selection parameters (Thomson
1977):

fE(AB)1 (Y1 + Y2)
f(Ab) patients (Y3 + Y4)

=[(AB)1 (X1 + X2) (4a)

[f(Ab) controls (x3 + X4)

and, from equation (3b),

f(aB)1 (Ys + Y6)
Ef(ab) patients (Y7 + Y8)

[f(aB)1 (Xs + X6) (4b)

Lf(ab) controls (x7 + X8)

Thus, as intuitively expected, for haplotypes containing
a variant at the disease-predisposing amino acid site, A
or a in this case, the relative frequency of "neutral"
sites, B and b, is the same in patients and controls, even

though the absolute frequencies of these haplotypes dif-
fer between patients and controls. These results can be
written algebraically, in the following form:

(Y1 + y2)(x3 + X4) = 1.0; (5a)
(y3 + y4)(x1 + x2)

(Ys + y6)(x7 + X8) 1.0. (Sb)

(y7 + y8)(X5 + x6)

Similar results hold if we substitute C (or c) for B
(or b).
Note that the above results hold generally for any

value of sporadics and any mode of inheritance. For our

purposes, sporadic cases may be due to any kind of
factor (genetic or environmental) not correlated (i.e., in
linkage disequilibrium) with the amino acid site(s) under
study. Thus, even if there are other important genetic
predisposing elements for the disease being studied, as

long as these are in linkage equilibrium with the genetic
region being considered, such elements will not affect
the ratio of the relative frequencies with respect to the
predisposing site(s) in the genetic region being consid-

(3a)

(3b)
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ered. This will usually be the case with loosely linked
and unlinked genes.
On the other hand, we expect that the equality of the

ratios in equations (4a) and (4b) will not hold if the
predisposing site in this case has not been identified; that
iS5,

[f(BC) (Y1 + Y5)
f(Bc)] patients (Y2 + Y6)

[f(BC) 1 _ (X1 + X5) (6)

[f(Bc) controls (X2 + X6)

unless B and C are in linkage equilibrium with A. Let

V [[Ff(BC . f(Bc) 1
L f(Bc) I patients f(BC)] controls

(Y1 + Ys)(x2 + x6) (7)
(Y2 + Y6)(x1 + x5)

From equations (1) and (3) the ratio V equals 1.0 only
if DABC, DAB, and DAC are all 0-that is, the disease-
predisposing site is in complete linkage equilibrium with
both neutral sites. For all other cases, no general rule
applies to the value that V will take, since many parame-
ters are involved. However, values close to 1 when the
true predisposing sites are not included as the putative
predisposing sites usually are seen only with a high fre-
quency of sporadic cases of disease, for this genetic re-
gion. Thus, rejection of the equality of equations (4a)
and (4b) indicates that the true predisposing factors have
not been identified.

Results similar to those derived under a one-predis-
posing-site model apply for two-predisposing-sites mod-
els (see appendix A). The haplotype method applies
equally well when two or more predisposing sites are
involved and when more than one neutral site is associ-
ated with the site(s) under study. The ratio of frequencies
of nonpredisposing polymorphic sites will be the same
in patients and controls, on haplotypes with a particular
amino acid combination when all predisposing sites are
used. The ratio for the putative nonpredisposing poly-
morphic sites in patients and controls will differ if all
predisposing sites are not included in the analysis. The
only exception to this rule is if the nonpredisposing and
additional predisposing sites are in linkage equilibrium
with the predisposing sites under consideration.

Incomplete Combinations of Amino Acids
It is of interest to know, in addition, whether, with

the haplotype approach, it is possible to distinguish not
only having identified all the predisposing sites from not
having identified all of them but having identified some
predisposing sites from having identified none at all.

With the four-site model described in appendix A-two
predisposing sites, A (or a) and B( or b), and two nonpre-
disposing sites, C (or c) and D (or d) -the question can
be rephrased as follows: Is the ratio of the quantity in
patients over controls, f(AD)/f(Ad), which includes both
one predisposing site (of two) and a neutral polymorphic
site, closer to 1.0 than is the ratio of the quantity in
patients to controls, f(CD)lf(Cd), which does not include
a predisposing site? Note that replacing A with a, B, or
b and C with c and using C (or c) instead of D (or d)
in the first ratio are equivalent with respect to this ques-
tion. Let

Ef(CD)]
f(Cd) IpatientsR= 1- [f(CD)1

[(ACd)]controls
(8)

Ef(AD)1
[(Ad)] patients

- -[(AD)1
[[f(Ad)] controls

If R > 0, the relative frequencies of nonpredisposing
sites are more similar in patients and controls in the
combination that includes one of two predisposing sites
than these relative frequencies are in the combination
that includes no predisposing sites at all. This quantity
measures whether, given a set of residue frequencies and
linkage-disequilibrium values, the relative frequencies
are, in patients and controls, more similar when one of
two predisposing sites is included than when none are
included.
Even in the simplest case (fully recessive with no spo-

radics), the analytical expression for R (eq. [8]) is ex-
tremely complex (appendix A), particularly when we
take into account that there are 32 constraints on the
four-site linkage-disequilibrium values, which involve all
four-site allele frequencies, six pairwise disequilibria,
and four three-site disequilibria. Further, those 32 con-
straints yield new constraints on the third-order disequi-
libria (Robinson et al. 1991). All these constraints
should be included when the possible values of R are
derived.

Given the difficulty involved in deriving an analytical
solution to this problem, we have chosen to estimate
numerically how likely it is that R > 0 for actual HLA
amino acid residue frequencies. We are not attempting
to assess the statistical significance of a small positive
value of R; rather, we want to know whether it is possi-
ble to reduce the number of combinations to be evalu-
ated, by keeping those combinations of sites that give
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Table 1

Properties of R (eq. [81)

Frequency of
R > 0
(%) Average R (Range)

Caucasian:
Recessive, s = 0 76.8 2,807.5 (-18.3, +6,085,229.2)
Dominant:

s = 0 77.5 .162 (-1.007, +2.760)
s = .25 77.1 .082 (-.760, +.999)

Japanese:
Recessive, s = 0 70.3 6.009 (-12.14, +3,645.4)
Dominant:

s = 0 71.9 .131 (-5.63, +33.97)
s = .25 71.2 .065 (-1.843, +1.032)

African:
Recessive, s = 0 80.1 5.814 (-15.86, +8,091.4)
Dominant:

s = 0 80.7 .155 (-2.05, +6.97)
s = .25 79.4 .102 (-1.630, + 1.062)

values more similar to what is expected if all predispos-
ing sites are included.
We have calculated four-site, three-site, and two-site

linkage-disequilibrium values for several combinations
of four sites from DQA1-DQB1 haplotype-frequency
data in Japanese, Caucasian, and African data sets from
the 11th Histocompatibility Workshop (R0nningen et
al. 1992). For simplicity, only sites that segregate for
two residues were used. Using these data, we computed
the quantity R above (eq. [8]) for 2,000 points chosen
at random from each population. We used incomplete
penetrance and allowed for nonzero values of s-that
is, sporadic cases of the disease.
The mode of inheritance and the population studied

made a substantial difference in terms of the value of R
but were irrelevant in terms of its sign (table 1). The
results were not affected even with moderate amounts
of sporadic cases. Although R > 0 (eq. [8]) is not true
all the time, it does hold in the majority (>70%) of
cases (Valdes 1995).

Given the high polymorphism in the HLA region, the
number of possible combinations of polymorphic sites
to analyze with the haplotype method is very large unless
the number of combinations to be considered can be
reduced. The result from this section-namely, that the
haplotype method more often will give a fit closer to
the null expectation ratio of 1 (all factors have been
identified) when some, compared with none, of the true
factors are included in the haplotype analysis as putative
predisposing sites-allows an initial screening of combi-
nations of putative predisposing sites. Amino acid com-
binations that give the poorest fit can be removed from
further consideration as putative predisposing sites in

the search for fully predisposing combinations of sites.
It must be noted that the method proposed is designed
primarily as a hypothesis-testing method. By keeping
those combinations that more closely resemble a fully
predisposing set of sites (see the companion paper in
this issue of the Journal [Valdes et al. 1997]), we are
not following a strict mathematical algorithm. Other
information also can be included in our decision of
which sites to consider as putative predisposing combi-
nations of amino acids-for example, the relative risks
at each single polymorphic amino acid site, sites believed
to be of functional importance in the structure of the
HLA molecules, sites proposed after analysis by other
methods such as the unique combinations method (Sala-
mon et al. 1996), and sites that have been hypothesized
by others as important in IDDM.

Computer Simulations

To apply these theoretical deterministic results to ac-
tual data, we must develop a statistical test capable of
distinguishing predisposing sites from nonpredisposing
sites in protein sequence data. The high linkage disequi-
librium seen with amino acids of the HLA loci and other
closely linked genetic regions must be taken into ac-
count. We generated protein sequences in a scenario
where we know which site(s) have determined the differ-
ences between patients and controls. We devised two
settings to do this-(1) a Fisher-Wright model where
sequences are generated by use of a standard coalescent
simulation and (2) actual HLA haplotype frequencies in
a Norwegian data set (R0nningen et al. 1991). Once we
have generated patient and control sequence data, we
need to derive a statistic capable of testing the determin-
istic results of the haplotype method.
Assume first, for simplicity, that all amino acid sites

that will be encountered segregate for only two residues
and that we start looking at site i, which segregates for
A and a. We then pick another polymorphic site, which
segregates for B and b. If one of the residues at site i is
predisposing and there are no other predisposing sites,
equations (4a) and (4b) should hold. It is then possible
to write a contingency table as depicted in table 2, with

Table 2

Contingency Table

Patients Controls Total

f(AB) w x w+x
f(Ab) y z y+z

Total w + y x + z N

NOTE.-N = x + y + w + z. The statistic N(wz-xy)2/
[(w+x)(y+z)(w+y)(x+z)] follows a x2 distribution with 1 df under
the null hypothesis that all predisposing sites have been identified.

707



Am. J. Hum. Genet. 60:703-716, 1997

the null hypothesis of homogeneity being that site i is
the sole predisposing site.

If the null hypothesis is true, the statistic derived from
the contingency table will follow a X2 distribution with 1
df. The analysis can be extended to compare the relative
frequency of any number of residues segregating at site
i and the residues at other polymorphic sites that segre-
gate for more that two residues, by generating a 2 x m
(where m denotes the number of residues at the other
site) contingency table for each residue at site i. In this
case the test statistic should follow a x2 distribution with
m - 1 df. It is important to discard from the analysis
those contingency tables that have small sample sizes.
For this reason we have included only those tables with
a total sample size ¢20. We tested whether the measure-
ment derived from the contingency table follows a %2
distribution, by plotting, in a quantile-quantile plot, sim-
ulation data against the expected x2 distribution data
(Kendall and Stuart 1979).

Simulations Using Coalescent Data
We generated a gene genealogy of 100 sequences, us-

ing the simulation program of Hudson (1990), on the
basis of the coalescent process for a neutral locus with-
out recombination. As described by Hudson (1990),
each sample is obtained by first producing a genealogy
of the sample, under the assumption of a large constant
population size. Once the genealogy is produced, muta-
tions are randomly placed on the genealogy. At the root
of the genealogy, a random ancestral amino acid se-
quence (100 sites long) is generated; mutation numbers
corresponding to a Poisson distribution with parameters
2N4, (Ne = effective population size, and ,u = mutation
rate per locus) and t (length of the branch), are generated
with the genealogy. A predisposing site (i.e., the amino
acid site at which the predisposing residue occurs) is
defined arbitrarily. We defined the population frequency
(q) of the predisposing amino acid, within limits-for
example, .3 < q < .4-such that the program picked
the first node that it found with 30-40 descendants.
From this node on, all its descendants (unless a mutation
occurred later) would carry a "P" at the predisposing
site, whereas the ancestral sequence-and, therefore, all
of the other descendants except those that mutate at
that site-would carry an "N."
At the tips of the tree, we sampled pairs of sequences

with replacement. Each of these pairs represents an indi-
vidual. We then applied a disease model by defining the
values of g2, gi, and go, from equation (2a). We kept
sampling with replacement until we obtained a pool of
100 patient haplotypes and 100 control haplotypes.

Simulations Using HLA Data
In this case, instead of generating sequences, we used

published haplotype frequency data for DRB1, DQA1,

and DQB1 loci. From this control population, we gener-
ated ("selected") the patient population. We defined a
site (or a combination of sites) as predisposing and
picked at random the predisposing residue. A data set
of DRB1-DQA1-DQB1 haplotypes for 181 unrelated
Norwegian individuals (R0nningen et al. 1991) was
used as the reference pool for selection of patients.

Quantile-Quantile Plots
In each simulation run, we built a contingency table

of patients and controls, using as entries the frequencies
of the two residues at a nonpredisposing site (segregating
for only two residues) on haplotypes with a residue from
the predisposing site, and derived the x2 value (see table
2). We repeated this process 1,000 times and graphed
the data in a quantile-quantile plot. Both for the simula-
tions that used sequences generated by a neutral coales-
cent genealogy and for those using HLA class II se-
quences, the test statistics computed by comparing
polymorphic neutral sites on haplotypes with a residue
from the predisposing site follow a X2 distribution, as
revealed by the quantile-quantile plot (fig. 1, upper
panel).
The exact same procedure was repeated, but now not

using as a reference haplotypes with a residue from the
predisposing site but using haplotypes with a residue
from a nonpredisposing site, and another quantile-quan-
tile plot was generated. The distribution of the test statis-
tic when the predisposing site is not included is very
different from the X2 (fig. 1, lower panel). Furthermore,
the distributions of the test statistic for HLA data and
for neutral coalescent sequences are also very different
with respect to each other when the predisposing site is
not included, indicating that the different nature of the
sequence data (resulting from a different evolutionary
history) affects the distribution of the test statistic, in
nonpredisposing sites. Both distributions, however, are
very different from the x2 distribution.

Inclusion of Data with > 1 df
In general, we need to allow for sites segregating for

more than two residues. The distribution of the number
of residues at amino acid sites will depend on the nature
of the data; for example, HLA sequence data segregate,
on average, for more residues than do neutral coalescent
data. However, this does not affect the general result:
in computer simulations using as many as nine predis-
posing sites-and in which these sites segregate for as
many as three residues-the test statistic computed with
all predisposing sites included still followed a x2 distri-
bution with the corresponding df (results not shown).
To allow for cases with varying df, which is due to

different numbers of segregating sites, we propose a
standardized X2 measure, defined as
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Measurements corresponding to haplotypes with non-
7;F predisposing sites considered as putative predisposing

sites depart substantially from both the expected mean
and variance values, when the true predisposing sites
are used (tables 3A and 3B). The mean X2 values with 1

--p*- Idf obtained for nonpredisposing sites would be exceeded
-.-IHLA with a probability of -.15. Large differences between
-r~lUITI*C~- ~ coalescent and HLA nonpredisposing sites also were ob-

served. When simulations using contingency tables with
>1 df were run, the observed values of the mean and
variance of the standardized X2 test statistic (eq. [9])
were, again, very close to the expected values for predis-

8 posing sites, which are mean 0 and variance 1, but not
to those for nonpredisposing sites (table 3C).
We also considered, for HLA data, cases where there

are two predisposing sites and two different modes of
inheritance: dominant and recessive and also sporadic
cases (table 4). The results in all of these situations are
very similar when we base the analysis on the pair of
predisposing sites. Results for nonpredisposing sites are,
in all cases, very different from those for predisposing
sites, but they vary substantially with mode of inheri-

!-, . .,"' '' .r. tance.
Previously we noted that, if, in the analysis, we include

as putative predisposing sites some- but not all- of the

Table 3

2 4

0-
b

s* A . : . ,
§ 0 I

8 !

,,: 1; .; -

Figure 1 Quantile-quantile plots using HLA data and protein
sequences generated by a coalescent simulation for a contingency-
table test of homogeneity when (upper panel) the true predisposing
site is included in the haplotype analysis and (lower panel) a nonpredis-
posing site is used as the putative predisposing site. The expected
values correspond to a X2 distribution with 1 df.

2 vx2 = X V(9)

where %2 is the observed statistic from the contingency-
table test of homogeneity and where v is the number of
df in the contingency table. The standardized X2 measure
for haplotypes including all predisposing sites will then
have a mean of 0.0 and a variance of 1.0.
We computed the X2 measure (table 2) and standard-

ized X2 measure (eq. [9]) test statistics, using, at first,
only contingency tables with 1 df, by choosing neutral
(nonpredisposing) sites that segregated for only two resi-
dues. As expected, X2 values with 1 df for the true predis-
posing site give an estimated mean very close to 1.0
and an estimated variance of -2.0, for both types of
simulation (table 3A), and give standardized X2s with a

mean close to 0 and variance of 1.0 (table 3B).

Computer-Simulation Results: One Predisposing Site

Statistic and Sitea Mean (Variance)b

A. X2 with 1 df:
Coalescent:

Predisposing 1.006 (2.172)
Nonpredisposing 2.466 (12.631)

HLA:
Predisposing 1.000 (1.979)
Nonpredisposing 2.385 (27.634)

B. Standardized x2 with 1 df:
Coalescent:

Predisposing .004 (1.086)
Nonpredisposing .869 (5.637)

HLA:
Predisposing .000 (.988)
Nonpredisposing 1.432 (13.493)

C. Standardized x2 with mixed df:
Coalescent:

Predisposing -.044 (.970)
Nonpredisposing .824 (5.209)

HLA:
Predisposing -.069 (.932)
Nonpredisposing 2.059 (17.460)

"Predisposing" denotes a putative predisposing site that is ana-
lyzed by the haplotype method and that is the true predisposing site;
and "nonpredisposing" denotes that the true predisposing factor is
not being considered.

b Data are from computer simulations using one predisposing site
and a dominant mode of inheritance with incomplete penetrance.
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Table 4

HLA Simulation Results: Two Predisposing Sites

MEAN (VARIANCE)

Dominant' Recessive Dominant + Sporadics

Single Site:
Nonpredisposing site 2.06 (23.37) 13.89 (286.51) 1.89 (17.65)
One predisposing site 1.44 (14.15) 1.44 (205.73) .59 (4.80)

Analysis by pairs:
Nonpredisposing/nonpredisposing 1.63 (23.12) 9.58 (226.55) 1.19 (15.75)
Predisposing/nonpredisposing 1.07 (16.73) 6.10 (150.22) .35 (3.07)
Predisposing/predisposing -.09 (.89) -.01 (1.01) -.07 (.88)

a Results from simulations under a two-predisposing-sites model. Incomplete penetrance (w = .25) was
used in all cases. The penetrance of sporadic cases was 0 in the first two models and .05 in the last one.
Values are for the standardized x2 measure (eq. [9]), which has an expected mean 0 and variance 1 when
all (i.e., both in this case) predisposing sites have been identified and included in the haplotype analysis as
the putative predisposing sites.

predisposing sites, the result, in terms of the test statistic,
in most cases should be more similar to having all predis-
posing sites than to having no predisposing sites at all.
This is confirmed by the results displayed in table 4,
either when sites are analyzed by pairs (including one
predisposing site and one nonpredisposing, as opposed
to including two nonpredisposing sites) or when they
are analyzed alone (including one of the predisposing
sites vs. including one single nonpredisposing site). The
addition of sporadic cases does not affect the estimated
values of the mean and variance for the predisposing
pair, although the values for the test statistic are lower
with nonpredisposing sites used as putative predisposing
sites than in the simulations where sporadic cases were
not included. This suggests that, as sporadic effects be-
come more important relative to the genetic factor under
consideration, the ratio of the relative frequencies for
nonpredisposing cases would be more similar in patients
versus controls. As intuitively expected, it would then
be more difficult to detect the actual predisposing sites.

Resampling: Type I and Type 11 Errors
The simulation results discussed so far involve inde-

pendent replicates; they do not address the lack of inde-
pendence that arises (1) from combining measurements
corresponding to the various residues present at the pre-
disposing site(s) and (2) from all the putative nonpredis-
posing sites considered separately with the putative pre-
disposing site(s). In practice, to compute a mean and
variance of the standardized x2 test statistic (eq. [9]), we
must combine several nonindependent measurements.
We propose the use of a resampling technique (boot-
strapping) (Efron 1982), to resolve this issue (see below).
This approach allows us to incorporate information
from more than one amino acid site (presumed to be

nonpredisposing), with a combination of putative pre-
disposing sites being analyzed, and from the various
residues for which the putative predisposing site(s) segre-
gate. This allows an estimate of the parametric mean
and variance-and not of the sampling variance, which
would result if several measurements from a single data
set were combined and which would require that covari-
ance terms be included.
We performed bootstrapping to establish critical val-

ues that minimize the probabilities of rejecting a true
null hypothesis (type I error) and of accepting a false
null hypothesis (type II error). The resampling procedure
consists of taking subsamples of 50 patients and 50 con-
trols (100 haplotypes each) from a larger data set. Each
time, a standardized %2 test statistic (eq. [9]) is computed
for a residue (haplotype) from the combination of sites
(or a single site) presumed to include all the predisposing
sites and from a reference putative nonpredisposing site
chosen randomly. We repeat this process 50-100 times
and, at the end, estimate the parametric mean and vari-
ance.
We derived the joint distribution of the parameters of

interest-namely, the mean and variance of the stan-
dardized x2. For complete predisposing combinations,
the intervals -0.2 < mean < 0.2 and 0.5 < variance
< 1.8 include 97% of all mean and variance pairs (fig.
2). It should be noted that these intervals have been
derived ad hoc for HLA class II data for a pair of predis-
posing sites, so the values presented can be applied to
any of the many autoimmune and infectious diseases
associated with HLA class II. For other types of sequence
data-for example, neutral coalescent data-these criti-
cal values may vary and must be calculated for each
type of data.
To assess type I and type II errors, we chose four
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Figure 2 Joint distribution, from computer simulations, for
HLA class II data on the mean and variance of the standardized X2

(eq. [9]) when all predisposing sites are included in the haplotype
analysis derived from 20,000 runs (resampled into 500 groups of 50,
from which 500 mean and variance values were computed).

pairs of sites from DQA1-DQB1. Each of these sites
segregates for only two residues in a large data set of
Caucasians (R0nningen et al. 1991) from which we took
the DQA1-DQB1 haplotype frequencies for controls.
For each of the four pairs of sites, which have varying
amounts of linkage disequilibrium (table 5), we gener-
ated imaginary patient populations, assuming that the
reference residues were predisposing; the disease models
used are detailed in appendix B. We subsampled the 24
fictitious patient data sets (6 for each pair of sites, each
set consisting of 1,000 DQA1-DQB1 haplotypes) 5,000
times each. A standardized x2 test statistic was computed
each time, and 100 subsets of 50 individuals were

formed. For each of these subsets the mean and variance
were computed, and the number of times that -0.2
< mean < 0.2 and 0.50 < variance < 1.8 was deter-
mined.

Type I Error
The average type I error observed (i.e., percent of

times that the mean and variance fell outside the fixed
intervals) was 1.78% ± 1.14%, averaged over the four
pairs of sites and the six disease models. This value is
consistent with the 3% error obtained when critical val-
ues were derived (fig. 2). There was no effect due to
either the disease model or the amount of linkage dis-
equilibrium between the sites involved in the disease.

Type Error
It is not possible to analyze all the possible combina-

tions to assess the actual type II error under all the situa-
tions that we can encounter with HLA data, because of
the very large number of possible combinations, so we

considered two pairs of sites: DQB1#66-DQB1#75 (D
= -0.139 ) and DQB1#38-DQB1#77 (Dj = -0.243)
and have used 10 other pairs that, when taken together
with these "predisposing" sites, have varying levels of
linkage disequilibrium. We then computed the percent
of times (in the 100 subsets described previously) that
the nonpredisposing pairs fell within the specified inter-
vals, under the null hypothesis that all predisposing sites
have been identified, and we used this number as our
estimate for type II error. When the frequency of sporad-
ics was 0 or only moderate, type II error was 0% for
all disease models and all pairs. In cases with very high
sporadic rates, type II error ranged from 8.5%
(±17.02%) to 81.6% (±10.33%). This is not unex-
pected, since, in this case, there is very little distinction
between the genetic and sporadic cases of disease, and
since most cases are sporadics.

Application of the Haplotype Method to Autoimmune
Diseases

IDDM
IDDM is one of the most studied HLA-associated dis-

eases (Thomson 1988, 1995a). The pattern of inheri-
tance of IDDM is complex, and there is no ubiquitous
HLA haplotype associated with the disease. Although
multiple non-HLA genes have been related to the dis-
ease, the HLA-linked genes are the major susceptibility
markers known to date (e.g., see Todd 1995).
The HLA-DQ association with IDDM has been ex-

plained by a functional hypothesis in which DQB alleles
encoding aspartic acid (Asp) in the 57th codon (Asp57)
protect against IDDM, whereas non-Asp57 alleles con-
fer susceptibility. Both predisposing and susceptible
DQB1 alleles not fitting the position 57 DQ rule have
been reported in several populations (Todd et al. 1989;
Jenkins et al. 1990; Vicario et al. 1992). Because suscep-
tibility to IDDM also correlates with DQA1 variation,
the one-amino-acid model for susceptibility to IDDM
was extended to a more sophisticated model with non-
Asp57 DQP chains and arginine 52 DQa chains predis-
posing in DQa,3 dimers (Khalil et al. 1990). This simple
model has been supported but also challenged in many
ways (e.g., see Tait and Harrison 1991; Robinson et al.

Table 5

Pairs of Sites Used for Estimating Type I and Type II Errors

i, j Reference Residues Dij

DQB1 66, DQB1 75 E, V -.1387
DQB1 38, DQB1 77 V, R .2426
DQA1 40, DQB1 38 E, V -.0070
DQA1 34, DQB1 56 E, P .0055

8
c
a
16.

0
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Table 6

Application of Haplotype Method to DQA1 #52 and DQB1 #57 in
IDDM

Mean (Variance)a

Caucasian .8161 (3.0408)
African .7655 (4.3614)
Japanese .8133 (4.7877)
Expected range -.2, .2 (.5, 1.8)

a Class II data from the 11th HLA workshop (Ronmingen et al. 1992).

1993): transgenic mouse experiments have been con-
firmatory (Acha-Orbea and McDevitt 1987).
We applied the haplotype-resampling method de-

scribed above to three different populations from the
11th Histocompatibility Workshop (R0nningen et al.
1992): Caucasian, African, and Japanese. For all three
ethnic groups, the mean and variance from resampling
of the data, with DQB1#57 and DQA1#52 used as the
two predisposing sites, fell outside the expected range
derived for HLA class II data (table 6). This means that
DQA1#52 and DQB1#57 are not enough to account
for the HLA predisposition to IDDM in the three ethnic
groups analyzed. Further research is required, to estab-
lish whether any combination of sites within the DR-
DQ class II loci can explain the HLA component for
IDDM susceptibility (see the companion paper [Valdes
et al. 1997]).

RA
RA is associated with HLA DRB1 alleles: in Cauca-

sians, the frequencies of alleles DRB1 *0401 and
DRB1*0404 are increased in patients compared with
controls (Nepom et al. 1986); the frequency of
DRB1*0405 is increased in Japanese patients (Wata-
nabe et al. 1989). An excess of DRB1*0101 also has
been reported (Shiff et al. 1982). At residues 67-74, the
amino acid sequence of DRB1*0404 and DRB1*0405
is identical, whereas the sequence of DRB1 *0401 differs
at only one site; and, at these same sites, the chain en-
coded by DRB1*0101 is identical to that encoded by
DRB1*0404 and DRB1*0405. It therefore has been
proposed that RA may be associated primarily with a
shared epitope involving residues 67-74 (Gregersen et
al. 1987).
We have tested this hypothesis by applying the haplo-

type-resampling method to a data set of DRB1 allele
frequencies in 54 Caucasian adults diagnosed with RA
and in 181 healthy controls (R0nningen et al. 1990).
We resampled the data 100 times, with sites 67, 70, 71,
and 74 considered as the putative predisposing sites. The
mean and variance of the standardized X2 measure from
this data were 0.15 and 1.01, respectively. These values

fall within the intervals previously defined, supporting
the shared-epitope hypothesis for RA. This does not
exclude the possibility that other HLA-region variation
may contribute to RA (e.g., see Dizier et al. 1993); but,
if that is so, at least in the population studied, it is
correlated with variation at the shared epitope in a way
that does not allow the haplotype method to detect it.

Discussion

The haplotype method and the statistical test for HLA
class II amino acids, as developed in this paper, test
whether all relevant amino acid sites involved in a dis-
ease have been identified. They may prove valuable in
distinguishing between different combinations of sites
that have been proposed as determinants for genetic
diseases and, if the study is applied to diverse ethnic
groups, in choosing appropriate combinations of sites
for risk assessment. Extensions of this method to geno-
typic effects will further increase its usefulness (the au-
thors' work in this area is in progress).
We have shown that amino acid variation at sites

DQA1#52 and DQB1#57 is not enough to explain the
major HLA association with IDDM. This has been
pointed out by others, using different approaches (e.g.,
see Tait and Harrison 1991; Robinson et al. 1993), but
we use this example as demonstration of the ability of
the haplotype method to detect that not all predisposing
sites have been identified. This result clearly points to
the importance of finding other combinations that may
explain the class II component of IDDM in a more satis-
factory way. In the companion paper (Valdes et al.
1997), a large number of possible combinations of sites
within the DRB1-DQA1-DQB1 loci in different ethnic
groups are examined. On the other hand, at least in the
Caucasian data set analyzed, the class II DRB1 shared-
epitope hypothesis cannot be excluded as the sole HLA
component of susceptibility to RA.

It is important to note that any combination of sites
that fits the use of the haplotype-method criteria is valu-
able only for its predictive value in terms of disease
susceptibility. We are unable to make a statement re-
garding the functional involvement, in the disease pro-
cess, of the molecular variants under study. Thus, there
may be several combinations of sites, correlated with
each other, capable of predicting disease susceptibility/
protection in a certain genetic region. In order to deter-
mine the functional significance that various sites may
have, molecular modeling and mutation analysis are
needed.
The method that herein has been developed is de-

signed for hypothesis testing and not as an algorithm
for detecting amino acid combinations more likely to be
involved in disease susceptibility. Although, both in this
paper and in the companion paper (Valdes et al. 1997),
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we have looked at diseases for which a hypothesis al-
ready is available, for other, less-studied diseases, direct
application of the haplotype method might not be the
best starting point. As already has been mentioned, one
possibility is to compare the relative risks at each single
polymorphic site or at each pair of sites, before the hap-
lotype method is applied. A more sophisticated and ac-
curate alternative is provided by the unique-combina-
tions method developed by Salamon et al. (1996). This
method detects all amino-acid-site combinations that
distinguish a particular sequence-or set of sequences-
from another set of sequences (e.g., patient and control
populations).
The haplotype method can be applied to complex dis-

eases in general and, in fact, to all diseases. However,
it is obviously most relevant to those disorders (or traits)
in which the alleles or amino acid involved in a disease
are reasonably frequent. In the case of fully penetrant,
monogenic diseases with predisposing alleles that are
relatively rare in the population-for example, cystic
fibrosis-the haplotype method may be difficult to
apply, since appropriate control (population) data on
haplotypes with the disease-predisposing variants are
not normally available. With complex diseases, nuclear
family-based data also can be used, as well as case-
control data. With simplex families ascertained for the
presence of an affected child, the parental alleles (haplo-
types) not transmitted to the affected child form the
AFBAC (affected-family-based control) population and
give an unbiased estimate of population control-allele
frequencies in the case of a random mating population
and zero recombination between the marker and disease
(see Thomson 1995b).
The major advantage of the haplotype method is that

it allows hypothesis testing. Minimally, it can play a
major role in determining when not all the sites involved
in a disease in a genetic region have been identified.
Further, it can indicate which sites are more likely in-
volved than others. We are confident that application
of this method will help us gain insights into the role
that different loci and amino acids may play in suscepti-
bility to complex autoimmune diseases.
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Appendix A
Two Predisposing-Sites Models

We extend the model to two predisposing sites and two
nonpredisposing sites, each segregating for two amino

acid residues. Let xi, i = 1, 2, . . ., 16, denote the fre-
quencies of the four-locus haplotypes among control
individuals:

xl = f(ABCD); X2 = f(ABCd);

X3 = f(ABcD); X4 = f(ABcd);
X5 = f(AbCD); X6 = f(AbCd);
X7= f(AbcD); X8 = f(Abcd);
xg = f(aBCD); x1o = f(aBCd);
x1i = f(aBcD); X12 = f(aBcd);
X13 = f(abCD); X14 = f(abCd);
X= f(abcD); x16 = f(abcd) .

The definition of all 16 four-locus haplotypes in terms of
allele frequencies and of 2d-, 3d-, and 4th-order linkage-
disequilibrium terms can be found elsewhere (e.g., see
Robinson et al. 1991).
We assume that residue A at the first site is predispos-

ing and a is not; that residue B at the second site is
predisposing and b is nonpredisposing; and that C, c,
D, and d are all nonpredisposing at sites 3 (Clc) and 4
(Dld). A matrix is used to define the disease-penetrance
parameters in the general case,

AA Aa aa

BB g22 g12 g02
Bb g21 gil go,
bb g20 glO goo

In terms of the parameters as in equation (2a), the pene-
trance terms for disease models also can be expressed
as

AA Aa aa

BB s +w s +hw s

Bb s +bw s +h2w s

bb s s s

The case s = 0 corresponds to the existence of no spo-
radics. For recessive models h = 0, and for dominant
models b = 1.

Let

U = g22f(AB) + g21f(Ab) + g12f(aB) + gllf(ab);

V = g21f(AB) + g20f(Ab) + g1if(aB) + glof(ab);

W = g12f(AB) + gnlf(Ab) + go2f(aB) + golf(ab);

Z = giif(AB) + glof(Ab) + golf(aB) + goof(ab);

T = Uf(AB) + Vf(Ab) + Wf(aB) + Zf(ab) .
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The haplotype frequencies among patients are
given by

I
x

T i = {1, 2, 3, 4};

xiv
.i -T i = {5, 6, 7, 8);

xiw= i

Yl-T p ={9, 1O,11, 12) ;

xiz
i -T i = {13, 14, 15, 16) .

now [f(ABCD)1 [f(ABCD)1
[f(ABCd) patients Lf(ABCd) Icontrols

(A2) since (ylx2)/y2xl) = 1, from equation (A2)-and simi-
larly for other combinations of A(a), B(b), and C(c) or
if C(c) and D(d) are exchanged. Haplotype combina-

AM) tions that do not include both predisposing sites A(a)
and B(b), when the relative frequencies of neutral sites
are considered, do not show this equality of appropriate

/ A A I
ratios between patients and controls; for example,

(A4)

(AS)

As in the one-predisposing-site model, the relative fre-
quencies of polymorphic sites not involved in disease
predisposition are the same in patient and control
groups, on haplotypes including all disease-predisposing
sites; that is, from equations (A2)-(AS),

f[(ABD)1f(ABD)1
Lf(ABd) Jpatients [ f(ABd) Jcontrols

f(AbD) 1 _ [f(AbD) 1

f(Abd) patients [ f(Abd) controls

[f(aBD)1f(aBD)1
[f(aBd) Ipatients L[(aBd) Jcontrols

Ef(abD)1f(abD)1
f(abd) patients f(abd) controls

The same is true if, in the above equations, instead of
using D and d, we use C and c. These results are equiva-
lent to

(Y1 + Y3)(x2 + X4) -
(Y2 + y4(x1 + x3)

(Y5 + Y7)(X6 + X8) -

(Y6 + y8)(xs + X7)

(y9 + Y11)(x10 + X12) - 1

(Yio + Y12)(x9 + X11)

(Y13 + Y15)(XI4 + X16) - 1
(Y14 + y16)(x13 + X15)

Equality also holds if additional neutral sites are in-
corporated into the haplotypes that include all predis-
posing sites; for example,

Ef(AD)1 (Y1+ Y3 + Ys + Y7)
f(Ad) patients (Y2 + Y4 + Y6 + Y8)

[f(AD)]
[f(Ad) controls

(X1 + X3 + X5 + X7)
(X2 + X4 + X6 + X8)

Equality in this case will occur only when the neutral
site D (d) or C (c) is in complete linkage equilibrium
with both predisposing sites and when the predisposing
sites are in linkage equilibrium with each other.

Analytical Expression for R
The analytical expression of R (eq. [8]) when the

mode of inheritance is fully recessive and when the pene-
trance of sporadic cases is 0 is given by

R= 1 Zl4PC(1 - PD) - DcD]
PCPD + DCD

1 Z2[PA(1 - PD) - DAD]
PAPD + DAD

,
Z3(PAPB -DAB) + Z4

qD(pCDAB + PBDAC + PAPBPC + PADBC + DABC) ZS

Z2= 1 + PAPB - PAPBPD + DAB -1

-DABD - PADBD - PBDAD - PDDAB - PAPBPDJ

Z3 = PAqBPCPD - DABCD - PCPDDAB + PBPDDAC
+ qBPCDAD - PAPDDBC - DADDBC - PAPCDBD
- DACDBD + PAqBDCD - DABDCD - PDDABC
- PCDABD + qBDACD - PADBCD;

Z4 = DABCD + PAPBPCPD + PCPDDAB + PBPDDAC
+ PBPCDAD + PAPDDBC + DADDBC + PAPCDBD
+ DACDBD + PAPBDCD + DABDCD + PDDABC
+ PCDABD + PBDACD - PADBCD;
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Z5= DABCD + DAD(DBC + PBPC) + DBD(DAC + PAPC)

+ DCD(DAB + PAPB) + PCDACD + PADBCD.

Appendix B
Disease Models for Testing Type I and Type 11 Errors

In the models considered, the penetrance values of equa-
tion (Al) are as follows:

[. .5 0

Dominant, no sporadic cases {.5 .5 0

[.5 0 0

Recessive, no sporadic cases j0 0 0

0

.5 .5 .075
Dominant,
moderate penetrance .5 .5 .075
of sporadic cases 075 .075 .075

.5 .075 .075

Recessive,
moderate penetrance .075 .075 .075
of sporadic cases 075 .075 .075

.5 .5 .25
Dominant,
high penetrance .5 .5 .25
of sporadic cases 1

1.5 .5 .25

R s5 .25 .25
Recessive,I
high penetrance ' .25 .25 .25
of sporadic cases 25 .25 .25
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